The removal of metals from wastewaters is becoming an important issue, with new environmental quality standards putting increased regulatory pressure on operators of sewage treatment works. The use of additional processes (tertiary treatment) following two-stage biological treatment is frequently seen as a way of improving effluent quality for nutrients and suspended solids, and this study investigates the impact of how back washes from these tertiary processes may impact the removal of copper during primary sedimentation. Seven sites were studied, three conventional two-stage biological treatment, and four with tertiary processes. It was apparent that fluxes of copper in traditional return flows made a significant contribution to the load to the primary treatment tanks, and that <1% of this was in the dissolved phase. Where tertiary process were used, back wash liquors were also returned to the primary tanks. These return flows had an impact on copper removal in the primary tanks, probably due to their aerobic nature. Returning such aerobic back wash flows to the main process stream after primary treatment may therefore be worth consideration. The opportunity to treat consolidated liquor and sludge flows in sidestream processes to remove toxic elements, as they are relatively concentrated, low volume flow streams, should also be evaluated.
Introduction
Metal removal during wastewater became an early environmental issue because of the contamination of sewage sludges applied to agricultural land [1] [2] [3] [4] which continues to this day [5] . Subsequently heavy metals in surface waters came to the fore, this focused attention on removals in unit treatment processes and wastewater treatment as a whole [6] [7] [8] [9] [10] [11] . Given the conservative nature of the so-called "heavy metals" their speciation is essentially the partitioning between soluble and solid phases and therefore the factors controlling this became important topics of study [12] [13] [14] [15] [16] [17] [18] [19] [20] . The role of specific synthetic organic compounds such as nitrilotriacetic acid in enhancing the solubility of heavy metals including copper and therefore reducing their removal is well established [21, 22] . It is well accepted that natural and synthetic substances which constitute components of the soluble chemical oxygen demand (COD sol ) can have the same effect as nitrilotriacetic acid. Therefore, COD sol can be used as a surrogate measure for this capability [23] [24] [25] [26] [27] [28] . Extensive research has been undertaken to understand heavy metal removal during wastewater treatment and in particular in the activated sludge process. The later because only the biological stage of treatment is capable of adsorbing soluble metal ions facilitating their removal by secondary sedimentation [29] . It has been clearly established that minimising effluent COD sol will reduce the solubility of many metals thus aiding their removal. Since removal of insoluble bound metal is ultimately dependent on the efficiency of suspended solids removal, the more efficient secondary sedimentation or post biological treatment phase 3 separation, the greater the efficiency of metal removal will be [30, 31] . Thus in terms of process optimization those measures which produce high quality effluent in terms of COD sol and suspended solids (SS) and function consistently achieve optimum metal removal. However, the primary method of minimising heavy metals in sewages and hence in sewage sludges and final effluents has been source control, particularly industrial point sources by trade effluent regulation [32] [33] [34] . These measure have led to a reduction of heavy metal discharged to sewer in the United Kingdom (UK) from approximately 12,500 tonnes in 1970 to 1,150 tonnes in 2006 [30] .
Given that heavy metals pose environmental and / or human health problems if they enter wastewaters, legal limits for their concentrations in final effluents and surface waters have become increasingly stringent [33, 34] . Whilst vast reductions have been made in the quantities of toxic elements discharged to sewer the need to remove heavy metals from sewage effluent has resulted in extensive examination of removals in unit treatment processes [29] . However, simultaneously with the need to remove heavy metals, sewage effluents standards have been subject to increasingly stringent regulation for nutrients (nitrate, total nitrogen and phosphate) [35] and organic micropollutants which include numerous groups of synthetic compounds [36, 37] . It is therefore desirable that removal strategies are applicable to more than a single pollutant or even a single group of pollutants. To achieve these targets much attention has been given to tertiary treatment processes applied to the total flow to the works [38] [39] [40] which come with very high economic and environmental costs [41] . The work undertaken here was designed to evaluate whole tertiary treatment of the total flow to the works to establish if it offered any improvement in copper removal in comparison to conventional primary and secondary treatment.
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A novel aspect of the study was to determine the impact of return liquors (frequently containing elevated concentrations of pollutants) on the efficiency of these process configurations. In addition the work aimed to establish if a more elegant and environmental friendly approach could be utilised using side-stream treatment of certain small volume flows in which substances of concern, for example heavy metals, had become concentrated.
Materials and methods
Seven sewage treatment works (STWs) all utilizing trickling filters for the secondary biological treatment stage were sampled between November 2006 and November 2007. Four of these works had tertiary treatment stages, two utilizing biological aerated flooded filters (BAFFs) sites 4 and 5 and two utilizing nitrifying trickling filters (NTF) followed by sand filtration (sites 6 and 7). However although the NTF at site 6 was operating effectively, the sand filter was not operating and consequently back wash water was not being returned to the head of the works. 
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Thus the flow regime at this works was equivalent to a conventional two-stage works such as sites 1-3. The process characteristics of these works are summarized in Table 1 and the works mass balances and process flow diagrams are presented in Figures 1 to 7 . All catchments were predominantly domestic with less than 11% of the total copper load to the STWs from named traders, with the exception of site 7 where trade input was estimated to be 20% of total load. All analytical methods, sampling procedures and data processing were as described previously [42] .
Results and discussion

Copper solubility in crude sewage
The average weekly concentrations of copper in crude sewage are shown in Figure 8 for all sites.
It can be seen that with the exception of site 4 the total concentration of copper was between 20 - [6, [43] [44] [45] [46] [47] [48] [49] . Industrial sources may significantly affect total influent concentrations [11, 43, 45] and can have modest effects on the partitioning between solid and soluble phases. However, the ratio between soluble and solid phases is more frequently affected by other matrix components rather than the copper determinant itself and these components which are often chelating agents [21, 22, 50] , constitute part of the COD sol which is often used as a surrogate measure of their concentration. 
Speciation of copper in return flows
In this context speciation refers to the partitioning between the solid and soluble phases and those factors which may affect it. Conventional two stage biological sewage treatment results in the production of an effluent and two sludges (primary and secondary, in the case of trickling filters the secondary biological sludge is referred to as humus sludge). Further treatment of the sludges, through settling on-site, results in the production of consolidated liquors which are usually either anoxic or anaerobic in nature. At all sites in this study humus sludge was returned to the primary tanks via the head of works, along with consolidated liquors and the concept of returning such flows to the head of the works is as old as sewage treatment itself. The imposition of more stringent final effluent standards has resulted in the introduction of tertiary treatment processes, these processes almost invariable generate highly aerobic "back wash" returns. The usual means of managing these "back wash" flows is to also return them to the head of the works creating the actual influent to the primary sedimentation process (crude sewage plus returned flows) which has a higher metal load than the crude sewage influent alone (Table 2) . . -1 ). Also evident in Table 2 , from examination of the phase distribution, is the limited amount of copper in the dissolved phase of the humus and consolidated liquors (about 1% and 0.5% respectively), whilst in the back wash returns up to 8% of the copper may be in solution. This could reflect both the solids concentrations and/or the anaerobic nature of the matrix in the humus and consolidated liquors. 
Impact of returned liquors on soluble copper removed in primary sedimentation
In Figure 10 Although tertiary processes can be beneficial for solids and ammonia removal the desired benefits for metal removal are not always achieved and could indeed be negative. Based on the observed impact of tertiary back wash returns it could be desirable to separate the aerobic back wash water and reintroduce these returns to settled sewage prior to the trickling filters, thus avoiding their negative impact on soluble copper removal, and potentially other hazardous compounds, during primary sedimentation and where the dissolved oxygen (DO) they contain could potentially be of value for BOD removal. However, the anaerobic/anoxic humus and consolidated sludge liquors returns have been observed to enhance soluble copper removal during primary sedimentation and therefore maintaining their return to the head of the works could remain the optimum approach. Further increases in process efficiency could potentially be achieved by treating the humus and consolidated return flows in a side stream process as these return flows constitute <1% of the total flow but contain from 47% to 65% of the metal load (Table 3) . Consistent with previous studies [43, 46] , processes such as coagulation, precipitation and absorption could be selected and be economically attractive in terms of both CAPEX and OPEX [41] . It is also apparent that in works with back wash returns, these flows do not contain the majority of the return load (Table   3 ), but do appear to be detrimental to removal in primary treatment ( Figure 10 ). It may, therefore, be appropriate to consider returning such flows at an alternative point in the treatment process, such as post-primary sedimentation. Such a combined approach, considering the whole treatment process, may thus offer substantial financial as well as environmental benefits compared to treating the all return flows with the total flow to treatment, and treating return flows for the removal of ammonia, to reduce the return load, is an example of how such approaches are being applied with operational benefits [51] . Table 3 . The contribution to metal load from return flows at each site and the percent contribution to metal flux in the total return flow from the humus sludge, decant liquors and back wash returns. 2. Approximately 50% of the copper in the influent to primary sedimentation is not derived from crude sewage but from the return of various flows to the head of the works.
3. Humus returns and sludge liquors (derived from consolidation and other processes) can enhance soluble copper removal when added to flows prior to primary sedimentation.
4. Back wash waters from BAFFs and RGFs can adversely impact copper removal during primary sedimentation. This is potentially a consequence of their high aerobicity.
5. Optimisation of metal (and hazardous substance) removal can be achieved through a paradigm shift based on a holistic reassessment of the process flow diagram. This could involve introducing returns at alternative points and/or the adoption of side stream processes.
6. Back wash waters are higher in DO than final effluent and they could possibly be used as the primary source for water used for recirculation over trickling filters. Thus back wash waters returned after primary sedimentation could provide part of the DO requirement for biological treatment.
7. With the returns containing half the metal load in less than 1% of the total works flow at concentrations up to two orders of magnitude above crude sewage they would be an appropriate target for side stream treatment by precipitation, coagulation or adsorption processes. ) of total and dissolved copper in works return flows and percent distribution between the dissolved phase and solids. Table 3 . The contribution to metal load from return flows at each site and the percent contribution to metal flux in the total return flow from the humus sludge, decant liquors and back wash returns. 
